Differences were shown in the environmental conditions inside four types of non-ventilated culture vessels (glass babyfood jars capped with metal steel or Magenta B-caps, jam glass jars capped with metal steel caps, and Magenta GA7 culture vessels) that were incubated in the same external growth room conditions. Vessel light transmittance varied from 83% to 53% and determined the availability of photosynthetic photon flux density (PPFD) for explants. The mean of medium desiccation in the culture period (30 d) was from 2.8 g in vessels with the lowest rate of gas exchange (0.02 h ). In all cases, the temperature inside the culture vessel increased during the light period and decreased during the dark period, and relative humidity was close to 100%. Results of in vitro growth and morphogenesis of Dianthus caryophyllus L. cvs. Scania, White Sim, Angeline, and Pink Calypso provided evidence that the environmental differences detected inside these four types of non-ventilated culture vessels was sufficient to affect micropropagation, mainly related with the specific sensitivity of each cultivar to the gas exchange and medium desiccation determined by the vessel type.
Introduction
Poor or no diffusion of gases between the culture vessel and the outside atmosphere is often described as a cause of necrosis, hyperhydricity, and other plant anomalies in vitro (De Proft et al., 1985; Ziv, 1986; McCown and Sellmer, 1987) . This has led to the design of new vessels that allow ventilation of the internal atmosphere, specially for culturing species prone to hyperhydricity (Majada et al., 1997 (Majada et al., , 2000 Fal et al., 1999) . However, excess ventilation in the culture vessels can have the unwanted effect of producing fast desiccation of the culture medium and reduction of tissue growth (Walker et al., 1989; Sallanon and Maziere, 1992) .
Our previous results (Majada et al., 1997 (Majada et al., , 2000 Fal et al., 1999) showed differences between some Dianthus caryophyllus L. cultivars in their behavior when cultured in vessels ventilated through porous membrane closures. This ventilation system was adequate for improving micropropagation when hyperhidricity was a problem. Nevertheless, a dilemma seemed to exist between plant quantity and quality in relation to ventilation during culture; plant quality is concurrent with increasing ventilation but, often, this means reduction of plant growth and then in the final number of plants. Since on occasion non-ventilated systems are more appropriate for micropropagation of plants not sensitive to hyperhydricity, the objective of this paper was to study the behavior of D. caryophyllus cultivars in relation to the microenvironment in four types of non-ventilated culture vessels traditionally used for plant micropropagation.
The interplay of the culture vessel with the environmental parameters controlled inside the growth chamber finally determine the in vitro explant environment and, therefore, the results obtained in plant micropropagation (Drew et al., 1988; McClelland and Smith, 1990; Smith and McClelland, 1991) . So, in order to determine the possible existence of environmental differences between culture vessels even when they were non-ventilated, special attention was paid to the available light, temperature and relative humidity, and the rate of gas exchange and desiccation in the culture vessels assayed.
Materials and Methods
The culture vessels included glass jam jars, 370 ml in volume, capped with metal steel caps (Fig. 1A) ; glass baby-food jars, 200 ml in volume, capped with metal steel caps (Fig. 1B) ; the same type of glass jars capped with polypropylene Magentae B-caps (Sigma-Aldrich Química S.A., Alcobendas, Spain; Fig. 1C ), and Magentae GA7 polycarbonate vessels, 275 ml in volume, capped with polypropylene covers (Sigma-Aldrich Química S.A., Alcobendas, Spain; Fig. 1D ).
In vitro-grown shoots of Dianthus caryphyllus L. cvs. Scania, White Sim, Angeline, and Pink Calypso were previously obtained by meristem culture. Apical meristems were aseptically excised from greenhouse-grown plants and cultured on MS basal medium (Murashige and Skoog, 1962 ) plus 58.6 mM sucrose, 4.6 mM kinetin, and 1.7 mM indoleacetic acid as described by Casares et al. (1987) . Single nodal segments were aseptically excised from the in vitro-developed shoots and cultured on the same culture medium *Author to whom correspondence should be addressed: Email mafal@ correo.uniovi.es in the four culture vessels described in Fig. 1 . The pH of the medium was adjusted to 5.7 before the addition of 0.7% (w/v) agar, and autoclaved for 20 min at 1208C and 100 kPa. The total amount of medium and the number of explants cultured in each of the culture vessels (Table 1) were dependent on the total vessel volume. So, the relation between medium volume and vessel volume was 0.07 in all the types of vessel and the amount of medium per explant was always 5 ml, as summarized in Table 1 .
Cultures were incubated in a growth room at 25^28C, and 16 h photoperiod provided by fluorescent Phillips TLD Standard lamps (photosynthetic photon flux desity, PPFD ¼ 40 mmol m 22 s 21 ). Environmental characterization of culture vessels was made in vessels without explants maintained in these same conditions.
After 30 d in culture, explants were classified according to Fal et al. (1999) as: normal, when shoots and leaves showed no anomaly; hyperhydric, when shoots or leaves had a fragile and glassy appearance; and mixed, when hyperhydric and normal shoots/leaves were present on the same explant. The percentages of normal, mixed, and hyperhydric explants were calculated from all the explants cultured in five of each vessel type (15 explants from baby-food jars, 20 explants from Magenta GA7 culture vessels, and 25 explants from jam jars). The number and length of the normal shoots produced per explant and the multiplication coefficient (number of normal nodal segments per explant) were also recorded from these explants and their mean and standard error calculated. The experiment was repeated twice. PPFD was measured inside and outside the empty vessels with a radiometric sensor connected to a Delta-T MV2 microvoltimetric integrator. value (measured on the culture shelf) was considered the transmittance (T ) of each type of vessel. The temperature and the relative humidity were measured inside the vessels as described previously (Majada et al., 1997) , with a probe connected to a transmitter able to operate at high humidity (358 RHSolomat, Paris, France). The desiccation of the medium in each type of vessel, filled with medium (Table 2 ) but without explants, was calculated as the grams of water lost after 30 d in the growth chamber.
The number of air exchanges in the culture vessel (E: number of exchanges per h) was calculated according to Fujiwara and Kozai (1995) but using ethylene as the tracer gas. Ethylene was introduced in each vessel to reach a concentration of 0.22 mM. Vessels were maintained for 2 h in the growth chamber. Then, aliquots of 1 ml were taken from the atmosphere in the vessel and injected in a Perkin-Elmer Mod. 8310 gas chromatograph equipped with a Porapack N column (50-60 mesh, 2:5 m £ 3:2 mm). Ethylene analysis was performed isothermally at 908C. The temperatures of the injector and the ionization detector were 110 and 1208C, respectively, and N 2 was used as carrier gas (30 ml min 21 ). Samples for environmental variables were taken from ten vessels of each type, and the experiment was repeated twice.
Data were analyzed using the SPSS/PCþ e Statistical Package for IBM PC version 3.0 (SPSS Inc., Chicago). Regression analysis was performed for data of PPFD inside the vessels versus its light transmittance. Hyperhydricity data were analyzed as a qualitative variable by a cross-tab and chi-square test. Quantitative data of the rest of variables did not conform to the requirements for a parametric test. So, in all these cases the nonparametric Mann-Whitney test was used to test differences between culture vessels. All the hypotheses were tested at a significance level of 0.05.
Results and Discussion
Environmental characteristics inside the four types of culture vessels (Table 2; Figs. 2 and 3) were the result of both growth room conditions and properties of the culture vessel, as has been stated by other authors (Tricoli, 1983; Kozai et al., 1986 Kozai et al., , 1992 .
Our results demonstrated two facts often overlooked in tissue culture. Light inside the culture vessel depends on the culture vessel and is different from the culture shelf (Fig. 2) . Moreover, gas exchange can vary among different types of culture vessels, even when their closures seemed to be tight (Table 2) .
PPFD inside the vessel was a linear function of the light transmittance of the vessel material (Fig. 2) . This transmittance, and consequently PPFD, was higher in vessels closed with polypropylene than with metal caps, in agreement with Kozai et al. (1992) who reported that light inside the culture vessels depends mainly on the cap material as lamps are usually, as in our case, sited over the culture vessels. Moreover, the quality of the light transmitted by different materials could also be different inside the vessels, but no data were available in this sense, as the measuring device evaluates the total spectrum for photosynthesis without discerning wavelengths.
The PPFD measured in the vessels was not sufficient for photoautotrophic growth of explants (Fujiwara et al., 1987; Kubota 
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and Kozai, 1990) . So, it probably did not produce any effect on the growth of the cultures because of these heterotrophic conditions. Other possible photomorphogenic effects (i.e. on leaf size) also were not observed. However, differences in transmittance, such as those measured in our case (Fig. 2) , could be very important when photoautotrophy of cultures needs to be promoted and/or higher PPFD values are necessary during culture.
The flux of a gas between the internal and external atmosphere of a vessel follows Fick's 1st and 2nd Law (Armstrong, 1979) . Therefore, for a gas in particular, the flux is a function of the difference in concentration between inside and outside the vessel, its diffusion coefficient (when the vessel allows diffusion) that depends on the vessel composition, the surface through which diffusion takes place, and the diffusion pathway length. In our case we can assume that the difference in ethylene concentration between inside and outside was the same for the four types of culture vessels. Glass and steel are impermeable to gases. Nevertheless, there is some diffusion through the plastics, although it is difficult to estimate (Jackson et al., 1987) . Significantly higher desiccation and E values obtained in Magenta GA7 culture vessels (Table 2 ) indicated that this possibility should not be neglected.
Several in vitro culture vessels exhibited higher gas exchange (Kozai et al., 1986) and desiccation (Tricoli, 1983) when plastic caps were used instead of metal caps. However, in our case there was no difference between baby-food jars closed with steel or with polypropylene Magenta B-caps (Table 2) . A possible explanation is poor adjustment of the metal cap on the rim of the vessel. So, the diffusion pathway length in metal caps that closed poorly was similar to that of polypropylene Magenta B-caps in which gas exchange occurred through the fitting between vessel and cap and also through the plastic.
The desiccation of the culture medium depended on water vapor diffusion outside the vessels. Therefore, E (air exchange) and desiccation trends (Table 2) were similar, but they were not related by a simple equation as in the case of the transmittance and PPFD. The rate of water vapor exchange could be different from E because of the selective gas permeability of plastics (Demeester et al., 1995) . In particular, in our case results indicated that the polycarbonate vessel Magenta GA7 was more permeable to water vapor than to ethylene. Moreover, desiccation also depends on the rate of evaporation of the substrate and the rate of condensation of the evaporated water which are related to the temperature and humidity gradients inside the culture vessel.
Gradients inside the culture vessel could not be measured directly because our system only allowed measurement of temperature and relative humidity at a single point inside the culture vessel. However, gradient formation in the vessels seems very likely since changes in inner temperature related to the light period were shown over 24 h (Fig. 3 ). This daily cycle was similar in the four types of culture vessels and was also described by other authors (Kozai et al., 1992) . The atmosphere was near water vapor saturation all day, and the temperature inside the culture vessel tended to increase during the light period and decrease in the dark period, promoting water condensation and over-saturation in the in vitro atmosphere (Fig. 3) . Hyperhydricity induced by lack of ventilation is described for several in vitro-cultured plants (McCown and Sellmer, 1987; Smith and McClelland, 1991; Debergh et al., 1992) and, particularly, in other D. caryophyllus cultivars in our previous reports (Majada et al., 1997 (Majada et al., , 2000 Fal et al., 1999) . However, total hyperhydricity was induced only in 'Pink Calypso' explants cultured in jam jars with metal caps (the lowest E and desiccation), but not in the other cultivars (Table 3 ). These differences between cultivars could be explained by genetic factors affecting sensitivity to hyperhydricity when plants are exposed to environmental factors involved in the induction of this anomaly.
Comparing results of E in the culture vessels (Table 2 ) and hyperhydricity of 'Pink Calypso' (Table 3) we can see that significant differences with other vessels were only evident for the jam jars with metal caps in both cases. This parallelism could support the relationship between E in the culture vessel and hyperhydricity in this sensitive cultivar.
The influence of the type of vessel on the number of normal shoots and their length seemed to be exclusive, in the sense that it did not affect both variables at the same time (Fig. 4) . The type of vessel had a significant effect ðP . 0:95Þ on the number of normal shoots of 'Scania,' 'White Sim,' and 'Pink Calypso,' but not on their length (Fig. 4) . The best shoot production from these cultivars was in culture vessels with an intermediate value of E and desiccation ( Fig. 4; Table 2 ). In contrast, culture vessel type significantly affected the shoot length of 'Angeline' but not the number of normal shoots (Fig. 4) . In this case, a negative effect of E and desiccation on the shoot elongation of this cultivar was evident, as shorter shoots were obtained as E and desiccation increased ( Fig. 4; Table 2 ).
The vessel type influenced growth of 'Scania' and 'White Sim' shoots, but their multiplication coefficient was not affected (Fig. 4) . However, the multiplication coefficient of 'Angeline' and 'Pink Calypso' was affected by the vessel type, showing the highest 592 multiplication coefficient when they were cultured in vessels with intermediate values of E and/or desiccation in the range described in this paper (Table 2) . A certain equilibrium between the gas exchange and the desiccation in the culture vessel seemed to be necessary for good multiplication. Other reports also support the hypothesis that when the ventilation is increased the desiccation could become excessive (McCown and Sellmer, 1987; Sallanon and Maziere, 1992) , promoting growth inhibition (Walker et al., 1989) . Sallanon and Maziere (1992) gave two possible explanations for the growth inhibition observed in ventilated vessels: (1) If ventilation is high, stomata are always open and water loss will be high, especially in light. Moreover, in the dark period there is no possibility of compensating the water lost, as relative humidity is not high enough. (2) Evaporation of the culture medium induces water stress at the base of the plantlet and so it grows less vigorously. Explanation (1) seemed to be more suitable in our case, because desiccation of the culture medium was measured in the culture vessels. Moreover, all vessels at all time periods showed a relative humidity over 100% (Fig. 3) .
Vessels/closure configurations exert direct and indirect control over the physical environmental factors in vitro. As medium becomes modified over time of culture, several changes occur in the vapor pressure deficit in the vessel (Sallanon and Coudret, 1990) . Differences in E between vessels will determine not only the accumulation of gases, but also other characteristics such as relative humidity, agar concentration, nutrients and water availability (Dencso, 1987; Gaspar et al., 1987; Ziv, 1991; Debergh et al., 1992) .
Genetic factors determine the sensitivity of plant material to environmental factors and their final effects on hyperhydricity, necrosis or, in general, growth and morphogenesis in vitro. However, it is evident that the interaction between inner and outer environments, vessels, supports and closures, their design and materials, regulate the degree to which physicochemical factors in the growth room impact on the microenvironment and affect, finally, the success of plant micropropagation. In this sense our results indicate that even in non-ventilated systems, the rate of gas exchange in the culture vessel is one of the most important considerations in optimizing micropropagation.
